In order to better understand the characteristics of frozen cloud particles in hurricane systems, computed brightness temperatures were compared with radiometric observations of Hurricane Erin (2001) from the NASA ER-2 aircraft. The focus was oil the frozen particle microphysics and the high frequencies (2 85 GHz) that are particularly sensitive to frozen particles. Frozen particles in hurricanes are an indicator of increasing hurricane intensity. In fact "hot towers" associated with increasing hurricane intensity are composed of frozen ice cloud particles. (They are called hot towers because their column of air is warmer than the surrounding air temperature, but above about 5-7 krn to the tops of the towers at 15-19 krn, the cloud particles are frozen.) This work showed that indeed, one can model information about cloud ice particle characteristics and indicated that monspherical ice shapes, instead of spherical particles, provided the best match to the observations. Overall, this work shows that while non-spherical particles show promise, selecting and modeling a proper ice particle parameterization can be difficult and additional in situ measurements are needed to define and validate appropriate parameterizations. This work is important for developing Global Precipitation Measurement (GPM) mission satellite algorithms for the retrieval of ice characteristics both above the melting layer, as in Hurricane Erin, and for ice particles that reach the surface as falling snow. 
Introduction
The development and strength of tropical cyclones is highly influenced by ice particles in hurricane rain bands and convection [e.g., McFarquhar et al, 2006; Heymsfield et al, 2006; Willoughby, 19981 . In fact "hot towers" associated with increasing hurricane intensity are composed of frozen ice cloud particles. (They are called hot towers because their column of air is slightly warmer than the surrounding air temperature, but above about 5-7 km to the tops of the towers at 15-19 km, the cloud particles are frozen.) However, little information is known about frozen droplet characteristics in hurricane clouds. While cloud resolving models do incorporate frozen particles [e.g., Wu et al., 2006; Tao et al., 20071 , in general these modeled particles are only validated with extremely sparse in situ measurements or through comparisons between forward radiative transfer calculations using the model data and radiometer observations at frequencies up to 90 GHz. Unfortunately, the brightness temperature sensitivity to ice particles in clouds is limited by the physical and dielectric characteristics of ice for frequencies below 89 GHz. The sensitivity of higher frequency channels (> 100 GHz) to frozen particles has been proven [e.g., Skofronick-Jackso et a)., 2004; Bennartz and Bauer, 20031 . Without these higher frequencies the relationships between wide-band radiometer observations and the physical and electromagnetic properties of frozen hydrometeors cannot be determined or adequately retrieved.
Understanding these physical-radiative relationships is important for developing Global Precipitation Measurement (GPM) mission satellite algorithms for the retrieval of ice characteristics both above the melting layer, as in Hurricane Erin, and for ice particles that reach the surface as falling snow.
The microphysical characteristics and high frequency radiative properties of frozen particles are complex and difficult to ascertain without detailed in situ data sets. In and above the melting layer frozen particles can range from spherical to nonspherical habits and with multiple mixtures of ice, air, and water in a single particle. The methodologies for determining the single particle and bulk layer radiative properties of frozen particles rely on several assumptions and require computationally intensive numerical models. In the past, many investigators assumed spherical particles in order to reduce modeling complexities. More recently, the radiative properties for non-spherical ice particles are being determined using the discrete dipole approximation [e.g., Draine and Flatau, 1994; Liu 2004; Kim, 20061 and other models [e.g., Xu and Gustafson, 20011. The Fourth Convection and Moisture Experiment (CAMEX-4) provides a valuable database of active, passive, and in situ observations that is used to investigate the relationships between frozen particles and their radiative signatures. The CAMEX-4 field campaign was based in Jacksonville, Florida during August and September of 2001 [Kakar et al., 20061 . This field campaign was a joint NASA and NOAA Hurricalle Research Division project with the goal of studying tropical hurricane development, tracking, intensification, and land falling impacts. W i l e remote sensing of the hurricane environment was the primary objective of CAMEX-4, there were also separate flights to study thunderstorm structure, precipitation systems, and atmospheric water vapor profiles. Multiple instruments located on ground, on low and high altitude aircraft, and on satellites were used to observe convective and hurricane systems. Of particular interest for this work are measurements from instruments on the high-altitude ER-2 aircraft at a -20 km altitude that provide a single active radar channel and 19 passive microwave brightness temperature channels ranging from 10.7 to 183.3 1k10 GHz during Hurricane Erin on 10 September 2001. The higher frequency channels are extremely useful for determining and constraining the particle size distributions of the frozen hydrometeors [Skofronick-Jackson et al., 20031. The purpose of this research is to compare observed brightness temperatures to calculated brightness temperatures for several spherical and non-spherical frozen cloud hydrometeor habits in order to study how the selected ice parameterizations affect the radiative properties and resultant brightness temperatures. A radiative transfer model is employed to convert the hydrometeor parameterizations into brightness temperature values. The cloud profiles will be initialized with radar data through a conversion from reflectivity to hydrometeor content values. Other initialization procedures illcEude determining boundary conditions and profile environmental conditions (e.g., surface wilzd speed and temperature, pressure, and relative humidity profiles) using dropsondes from the ER-2 and modeled Hurricane Erin data. The hydrometeor parameterizations (habits and particle size distributions for the frozen droplets) are used to compute radiative properties (absorption, scattering, and asymmetry) that are required for use in radiative transfer calculations. Then the effects of these parameterizations on the conzputed brightness temperatures (TB) are compared to the observed TB.
In section 2, details of the instruments and how the observations were co-located will be provided. The generation of the cloud hydrometeor profiles and initialization of boundary conditions will be described in Section 3. In Section 4 the radiative transfer model used in the brightness temperature calculations is summarized along with the radiative properties for each of the parameters. The comparisons between computed and observed brightness temperatures are analyzed in Section 5, followed by a summary and discussion of the key points in Section 6.
Observations:
While CAMEX-4 had broad-based instrumentation on multiple platfoms including several aircraft and ground locations, this work focuses on the obseivations from four instruments on the ER-2 aircraft. On board the ER-2, flying at an altitude of approximately 20 krn, the instruments of interest for this work are the High Altitude Monolithic Microwave Integrated Circuit (MMIC) Scanning Radiometer (HAMSR) [Lambrigtsen and Riley, 20021 , the Advanced Microwave Precipitation Radiometer (AMPR) [Spencer, 19941 , the ER-2 Doppler Radar (EDOP) [HeymsfieM et al., 19961, and the ER-2 dropsonde system [Halverson, et al., 20041 . The first three instrments measure atmospheric hydrometeors in the microwave region of the electromagnetic spectrum, while the dropsondes are released from the ER-2 and measure temperature, relative humidity and wind speed in situ as they fall toward the Earth's surface. The HAMSR has 8 observations between 50 and 57 GHz, plus 166, 183.3&1, 183.3k1.8, 183.3k3, 183.3k4.5, 183.3k7, and 183.3k10 GHz, while the AMPR observes at the lower frequencies of 10.7, 19.35, 37, and 85.5 GHz. The EDOP is an active radar sampling at 9.6 GHz with a vertical range gate interval of 37.5 meters. HAMSR, AMPR, and EDOP are cross-track scanning instruments.
The focus is on the rain bands and anvil regions associated with Hurricane Erin on 10 September 2001. As with many Atlantic tropical cyclones, Hurricane Erin can be traced back to a tropical wave fiom western Africa starting 30 August 2001. Erin continued to strengthen and became a hurricane by 0000 UTC 9 September, reaching its peak intensity near 0000 UTC 10 September. On 10 September, the vertical wind shear peaked and Erin began moving over cooler waters. In response, Erin began to weaken.
By 0000 UTC 15 September, Erin had turned into a tropical storm and eventually transitioned into an extratropical system. The GOES satellite image of Hurricane Erin is provided in Fig. 1 aircraft. These were the first successful dropsonde releases fiom a high altitude aircraft in a hurricane [Halverson, et al., 20061 . Fig. 1 . In the image the hurricane eye is surrounded by several rain bands with anvil, convective, and stratiform regions. From Fig. 2 , it can be discerned that the higher frequencies of the HAMSR data (2 166 GHz) are sensitive to the frozen particles in the cloud (as indicated by non-zero reflectivities above the melting layer in the EDOP image collocated with depressions in the brightness temperatures at 166 and 183 GHz). On the other hand, the AMPR lower frequency channels are sensitive to the liquid in the rain bands. Although not readily apparent in Fig. 2 , the HAMSR 50-60 GHz channels are mostly sensitive to the temperature profile.
The data sets fiom the AMPR, HAMSR, and EDOP have been analyzed and collocated. The largest footprint of 2.8 km occurs for the AMPR 10 and 19 GHz charnels at nadir when the ER-2 is flying at 20 km altitude. Because there is not an AMPR pixel directly at nadir, the two pixels adjacent to nadir were averaged to simulate a nadir value.
The HAMSR footprint resolution is about 2.0 km at nadir. However, the HAMSR data samples were separated by about 12 seconds, therefore the footprint centers were separated by about 2.5 km based on a 205 m s-' aircraft speed. Since the HAMSR and AMPR footprint resolutions and locations are so similar, the collocation process was simplified. Thus, AMPR, HAMSR, and closest EDOP times were matched to the 183 points in the HAMSR data over this flight time.
Cloud Profile Initialization
Prior to computing brightness temperatures for these 183 observational data points, a cloud profile data set must first be generated. The radar reflectivity can provide some information about the hydrometeors, however additional data about the atmospheric profile and boundary conditions are required. There are three steps: (1) the EDOlP radar reflectivities are converted into vertical hydrometeor content profiles, (2) the temperature, pressure, and relative humidity profiles need to be determined, and (3) the boundary conditions for the ocean surface and top of atmosphere must be assigned. In order to obtain the required information for steps 2 and 3, dropsonde and hurricane model data is used. The role of the dropsondes is to provide detailed information about the temperature and relative humidity profiles that is not adequately generated by the simulated Hurricane Erin.
Hydrometeor Content Profiles
Attenuation corrected [Hitschfeld and Borden, 19541 nadir-viewed 
( 1) where ML is the mass content of the liquid particles at the flight pixel m and height level h associated with the attenuated corrected EDOP reflectivity Zobs (in rnrn6 m-3). Once the temperature in the vertical profile reaches 0' C a portion of the content derived from Zobs is reserved for frozen particles. A linear interpolation is used to transition to all frozen hydrometeors at -22.5' C and colder. The conversion from reflectivity to frozen hydrometeor content at each level is defined by the Sekhon and Srivastava [I9701 particle size distribution as follows:
( 2) where MF is the mass content of the fiozen particles and the 4.46 factor is a conectio~~ for the frozen versus liquid particle refractive index that is usually stated as a 6.5 dBZ addition to the observed reflectivity in dBZ [Smith, 19841 . The transformation from reflectivities to particle contents populates the liquid and frozen hydrometeor vertical profiles.
Atmospheric Profiles
Without temperature (T), pressure (P), and relative humidity (RH) profiles, radiative transfer calculations cannot be performed. Simulated cloud fields from the Mesoscale Model-5 (MM5) of Hurricane Erin [Wu et al., 20061 were used in this analysis to help generate atmospheric profiles. The MM5 model integration begins at 0000 UTC 7
September when Erin was an area of disturbed weather and was developed with a resolution of 2.0 km horizontally and ranges between 0.004 and 1.0 km vertically. The MM5 time step closest to the 10 Sept. 2001 at 1700 UTC time is selected for use within this work. The rain rate statistics of the MM5 data (without zero values included) and vertically summed liquid and frozen particle concentrations are provided in Table 1 . In order to extract appropriate T, P, and RH profiles, the MM5 computed reflectivity profiles (Zsim) generated by the model were compared to each of the EDOP reflectivity When these MM5 derived T and RH profiles were used in RT calculations of Hurricane Erin it became apparent that the modeled T profile at the upper altitudes was not appropriate. This was determined by reviewing the 55.5 GHz TB channel that is sensitive to only the upper altitude temperatures. Figure 2 shows that the 55.5 GHz observations are relatively steady across the varying cloud conditions over the flight line.
The computations using the MM5 generated T profiles were uniformly warm by about 5K. The inconsistency between the computed TB using the MM5 T profile and the observations is likely attributable to the coarser vertical resolution for MM5 profiles above 300mb [Wu et al., 20061 . When the MM5 temperature profiles are allowed to transition to an average (16:47:56 and 17:31:05 UTC) dropsonde profile between 7 to 18 km instead of using the MM5 temperature profiles, the comparison is much better as will be shown in Section 5. The problems in getting the calculations of 55.5 GHz to match the observations indicate a disconnect between models and observations. Furthermore, in tl~e hurricane eye only, comparisons with the clear air 10 GHz TB observed and colmputed indicated consistently too cold (MM5) computed TB. In order to compensate for the RH and cloud water, data from dropsonde closest to the eye (1704 UTC) was employed for the temperature, pressure, and relative humidity in the first 7 km nearest the surface.
Boundary Conditions
The final step is to insert boundary conditions. For the boundary conditions at the top of the profile, the maximum height level is 18 km near the ER-2 flight altitude.
Radiation from the cosmic background is incorporated in the radiative transfer calculations so that the effects of scattering from the ice at the top of the clouds are included. At the Earth's boundary an oceanic surface is assumed since the flight leg is over ocean during the focus times. The RT model requires ocean emissivity and temperature. The ocean temperature was obtained by merging dropsonde and MM5 data.
Surface emissivity was more difficult to obtain since it is a function of surface roughness.
The average windspeeds emanating from the MM5 data as determined by Eqn. 3 were found to be too weak to produce breaking waves with enough foam to increase emissivity and TB warming even though Table 1 
Particle Habit and Parameterizations
The frozen cloud particle contents (in g m'3) derived from the EDOP reflectivities are partitioned into three different frozen habits and exponential particle size distributions (PSDs) in order to compute the electromagnetic absorption, scattering, and sy factors of the frozen particles required for brightness temperature computations. These factors describe how the incident radiation will be absorbed and scattered. All of the three frozen habits employ polydispersive particle size distributions.
The absorption and scattering coefficients for each layer and hydrometeor are detemmined by integrating over the polydispersive particle size distributions. For all parameterizations, the PSD, or number density of the particles within the diameter range D to D + dD, is modeled by a decaying inverse exponential h c t i o n :
where No is a multiplier in rnm3m-I and ~= ( 2 < r > ) " in mm describes the average radius size parameter. At each height interval, the relationship between the bulk (summed) scattering coefficient and bulk absorption coefficient can be used to indicate if radiative cooling from scattering or warming from absorption will dominate. The asymmetry factor describes the direction(s) of scattering with values close to +l indicating forward scattering, those close to -1 backward scattering, and those at zero indicating isotropic scattering.
Parameterization 1
Here the frozen droplets use a fluffy particle PSD [Tao and Simpson, 19931 
Parameterization 3
This third parameterization has a habit similar to a bullet rosette with three cylinders intersecting at their center points and is denoted C3. This habit was described in 
335 where T is in Celsius. The maximum size of the particle size distribution is fixed by Kim 336 2006 requiring that the size parameter (rrDeff h-') < 2.5 where h is the operational wavelength and Deff which is the effective diameter of a spherical particle with volume given by the three intersecting cylinders. Note that we plotted Kim's [2006] provided curve fits and determined that they were good up to size parameters of 3.5. Thus the maximum L for this PSD is 7 mm. At 7 mm the N(D) value is on the order of while for 5 mm N(D) is closer to lo-* for T = -20°C and M = 1 g m-3.
The volume for the 3 cylinder habit is given by:
where the intersecting center volume is removed for two of the cylinders. The AC3 is determined using Eqn. (10). The habit shape and aspect ratio fixes the volume in each individual particle such that given the maximum diameter the total ice water content ((M) in each layer can be partitioned into an exponential particle size distribution and No can be determined using Eqn (1 1). The increment in the L dimension for the particle size distribution is 0.1 mm.
In order to compute the absorption, scattering, and asymmetry parameters for these non-spherical particles, Mie theory is used for frequencies less than 80 GHz [Kinz,
20061. For frequencies above 80 GHz, the discrete dipole approximation is used [Draine and Flatau, 19941 . The procedure is similar to that described in Kim [2006] and the DDA curve fit coefficients for this aspect ratio are provided in Table 2 . The curve fit equations are from Kim [2006] and are reproduced here:
To provide proper disclosure, the resultant brightness temperatures are relatively sensitive to the habit and the prescribed PSD. For example, a single column habit produced warmer brightness temperatures than this three intersecting column habit.
Further, changing the aspect ratio of the individual columns does affect the radiative properties. Finally, we have imposed a PSD [Lo and Passarelli, 19821 though we have noted that changing the A(T) will affect the brightness temperatures as well.
Radiative Transfer Calculations
An accurate and efficient radiative transfer (RT) model is required to transform the microphysical information into upwelling passive microwave brightness temperatures (TB) that are then compared to the AMPR and HAMSR observations. The radiative transfer model used in this work is a planer-stratified scattering based model originally developed by Gasiewski [I9931 and modified as described in Skofronick-Jackson el al., [2003] . The RT model used herein allows for multiple scattering among the six different hydrometeor types (i.e., suspended cloud water, rain, suspended cloud ice, snow, hail, and graupel). In this work only rain and snow are allowed, though the size distributions for rain and snow extend down to sizes appropriate for cloud water and cloud ice.
Flexibility exists in that the user can select observation height, viewing angle, frequency (tested from 6 to 425 GHz) and polarization. The RT model requires as input instrument specifications, vertical profiles of temperature, height, relative humidity, and PSDs of the hydrometeors in the cloud or their radiative properties. It is assumed that a planar stratified RT model is acceptable in this work since only high resolution nadir observations are used in the retrieval. Furthermore, since only nadir observations are analyzed in this work, any polarization sensitivity due to nonspherical particles is minimized.
Once individual absorption, scattering, and asymmetry factors have been computed for each shape as described in Section 4, they are integrated over polydispersive PSDs as described in Gasiewski [I9931 to obtain the bulk absorption, scattering, and asymmetry factors over the vertical structure of the hurricane flight line. Figure 3 shows the bulk absorption coefficients for the three different frozen habits at 183k7 GHz, while Figure 4 provides the scattering coefficients. There is essentially no difference in the absorption profiles since the Marshall-Palmer PSD for rain was not changed and ice particle do not contribute much to the absorption coefficient. For the scattering profiles, the fluffy and rosette habits tend to produce a bit more scattering than the SS case. Scattering is increased for the fluffy by its relatively large particle size and larger N(D) at those larger sizes. For the rosette habit, scattering is larger than that of the SS particles but less than that of the fluffy particles because of its intermediate size and
On the other hand, the asymmetry parameters at 183k7 GHz (and for each frequency in turn) are very different for the three cases ( Figure 5 ). For fluffy spheres, the asymmetry is above 0.8 for the highest altitudes (Fig. 5a ) and closer to 0.5 in the midaltitude range. For the solid ice sphere (SS) case, the asymmetry factors are near 0.4 to 0.6 in most of the liquid and frozen parts of the vertical profile. On the other hmd, the three-dimensional rosette particle has asymmetry values decreasing with altitude ( Fig.   5c ). Since an asymmetry factor of +1.0 is pure forward scattering, the fluffL spheres allow the warm emission from rain and the Earth's surface to forward scatter into the radiometer and the cold cosmic background to forward scatter to lower layers, hence producing warmer brightness temperatures. For the SS shapes, the asymmetry factor shows a slight preference for forward scattering, but a bit more isotropic. Thus because of multiple scattering effects, radiation is scattered such that the resulting effect for the SS shape is cold brightness temperatures. Finally, for the three-dimensional rosette particles, the asymmetry factor is similar to the asymmetry of the SS particles except that it goes to close to zero at the top of the cloud. This is because Ac3 is a function of temperature and hence so is the average particle size at each temperature layer. This means that at the top of the cloud, where the radiometer will receive most of the signal, particles are small and scattering is isotropic, so the radiometer senses both warming from rain andlor surface emission and cooling from cold cosmic background and the upper cloud layers. Because the cold upper layers are closer to the radiometer, they have a larger impact in coolling the radiometer brightness temperatures.
At 85 GHz, the absorption fields for the three parameterizations are as equivalent as in the 183 GHz case. On the other hand the scattering profiles (Fig. 6) show that only the SS parameterization has significant scattering in the ice layers. In Fig. 7 , the 85 GHz asymmetry shows a pattern similar to the 183 GHz asymmetry but at lower and more isotropic values.
Although not shown, for 166 GHz the absorption, scattering, and asymmetry factors have similar patterns as at 183 GHz. At 10 GHz the asymmetry factor ranges between -0.05 and 0.2 for all three frozen habits. This means that any 10 GHz scattering (also less than -0.25 neper lun-' for all habits) is more isotropic, however at 10 GHz the strong absorption coefficient overpowers the weak scattering signal.
Comparison between Observed and Computed Brightness Temperatures
The radiative transfer model along with the computed bulk radiative data were For 55.5 GHz the brightness temperatures do not change by more than 5-6 Kelvin across the whole flight line observations due to the fact that this channel is sensitive to temperatures high in the atmosphere, closest to the ER-2 aircraft. Since the sensitiviw altitude exists above any hydrometeors, there is little response of this channel to hydrometeors. As noted in Section 3.2, the MM5 generated T profiles were replaced by the colder profiles from the dropsondes. This was required to get the 55.5 GHz TB calculations closer to the observations. which is the wrong direction of change if the goal is to cool calculations to match the observations. The most likely cause of the discrepancy for the computed Tg with respect to the observed TB is that the rosette, fluffy, and SS particles are not typical particles that exist at the mid-levels at 85 GHz senses. This means that the vertical distribution of PSDs (and hence average particle size)
is not yet appropriate for the mid-level particle that 85
GHz senses.
In the first panel of Figure 9 , the 166 GHz channel image is shown. The 166 GHz channel is a window channel like 85 GHz, however it responds to ice particles smaller and at a higher altitude than those sensed by the 85 GHz channel due to its smaller operating wavelength. For the 166 GHz channel, the rosette habit and its PSD produces a better match to the observations than do the other parameterizations.
In Figure 9 some of the 183 GHz water vapor channel series of the HAMSIP instrument are shown. As the channels move from 183rtl to 183k10 GHz the sensitivity moves from the top of the cloud to lower altitudes in the cloud. In the absence of clouds these channels respond to the water vapor in clouds and are used to estimate water vapor profiles. When clouds are present, these channels respond to the frozen hydrometeors mostly, since these channels have a small operating wavelength and become saturated quickly in the presence of particles with diameters near the operating wavelength.
In each of the comparisons between observation and calculations for the 183 GHz channels, the best parameterization appears to be the one employing the C3 rosette particles and the Lo and Passarelli [I9821 PSD. The SS parameterization causes too much scattering, while the fluffy particles do not provide enough scattering andl proper asymmetry directions at these higher frequencies. The effective dielectric mixing theories [Bohren and Battan, 19801 used for the fluffy particles assume that the size of the inclusion is much smaller than the wavelength of the radiometer frequency [Sihvola, 19891 . Using these models for the higher frequencies seemed to produce inappropriate electromagnetic characteristics. For example, the fluffy particles represented by effective medium mixing models did not have cold enough TB because the asymmetry factor was too large. As stated previously, the asymmetry factor is a fknction of the particle shape, size, temperature, and ice-air-water composition and determines the directioln(s) of scattering from a hydrometeor. Large asymmetry factors increased forward scattering of the radiation from the warm lower layers so that computed brightness temperatures were too warm. The C3 rosette shape along with the discrete dipole approximation along with the Lo and Passerelli [I9821 PSD produced the scattering and asymmetry factors that led to the TB computations closest to the observations.
Summary and Conclusions
This work was undertaken in order to evaluate the relationships between frozen cloud particles and their radiative signatures for improving algorithm development of ice particle characteristics (for falling snow retrievals and hurricane intensity assessments.)
In summary, three different ice parameterizations were used to compute brightness temperature values to compare with observations from CAMEX-4 radiometers on the ER-2 aircraft. In order to initialize the cloud profiles used in the radiative transfer calculations, the radar reflectivities taken from the EDOP instrument on the ER-2 were converted to mass contents at 0.25 km interval levels from 0.25 km to 18 km in the vertical profile. The EDOP reflectivities were compared to Hurricane Erin MM5 modeled reflectivities to extract and average the five closest atmospheric profiles such that the MM5 profiles of temperature, pressure, and relative humidity were available across the ER-2 flight path data set. Surface wind speeds and ocean surface temperature are similarly generated. The MM5 generated temperature profiles above 7.5 krrn were replaced by the dropsonde data due to coarse sampling in the upper altitude MM5 modeled profiles that caused inconsistencies in the frequency (55.5 GHz) sensitive to high altitude temperature profiles. Surface windspeeds are similarly interpolated from the dropsonde data.
With the profile database generated by the EDOP instrument, dropsondes, and the Hurricane Erin MM5 model, brightness temperatures were computed for the thee ice parameterizations. The liquid drops followed the Marshall and Palmer [I9481 PSD throughout all parameterizations. The first parameterization relied on the Sehkon and Srivastava [I9701 PSD for ice particles, the second parameterization relied oai fluffy (10% ice, 90% air) particles, while the third parameterization was of a three-dimensional bullet rosette particle of three intersecting cylinders in a polydispersive size distribution.
In comparing the observations to the calculations, the overall best fit resulted from the rosette particles of three intersecting cylinders. The fluffL did not produce the cold scattering signatures caused by ice that was measured in the observations. This indicates inadequate modeling of its scattering and asymmetry electromagnetic characteristics likely caused by representing them as fluffy, 10% ice spheres.
As would be expected, the lower frequency AMPR observations (10 to 19 GHz) had essentially no difference among the three parameterizations (Figure 8 ). These channels are mostly responsive to the liquid particles in the cloud and the parameterizations discussed herein only made changes to the frozen droplets. At 37 GHz, we expect and note a response to both liquid and frozen particles. The 50 to 60 GHz band of the HAMSR instrument is typically used for temperature profiling with the lower frequencies sensing more about the lower altitudes and vice-versa for the slightly higher frequencies. These temperature profiling channels are responsive to hydrometeors in the cloud except at the higher frequencies close to 60 GHz that sense only high altiude atmospheric temperatures. The 183 GHz channels are sensitive to both atmospheric water vapor and the frozen droplets in the cloud, The SS parameterization tended to overemphasize the scattering and caused TB that were too cool with respect to the observations, while the bullet rosette (three cylinder) TB values more closely match these high frequency observations. Using rosette particles in the RT calculations matched all frequencies except at 85 GHz where calculations were too warm. This is likely caused by complex microphysical variations in the frozen particle habit and its PSD that is poorly modeled across the vertical profile.
The four most significant findings of this work are summarized here. The first finding was that the MM5 cloud model did not have enough vertical resolution at its highest altitudes to produce the temperature profiles needed to compute TB in the 55 to 60
GHz range and hence coincident dropsonde data was required. The second significant finding was the ocean surface conditions were difficult to ascertain in the hurricane eye so that brightness temperatures that depended on the surface conditions did not match the observations well. The third finding revealed the importance of the bulk asy parameter (that describes the direction of scattering) in the resultant TB values. Typically, passive remote sensing has attributed TB values to the combination of the bulk absorption and scattering parameters, essentially ignoring the role of the asymmetry. The fourth and most important finding was that non-spherical particles, in this case modeled as bullet rosettes, provided the absorption, scattering, and asymmetry radiative properties that when used in the radiative transfer calculations gave the best match to the observations. This work has shown that the full channel spectrum of electromagnetic propedies of frozen hydrometeors is difficult to model using a single simplified parameterization and that the bulk asymmetry factor plays a big role in the resultant computed high frequency brightness temperatures. In likelihood, multiple habit and PSD models will be required. These physical models will depend on many factors such as vertical location and atmospheric temperature, method of forming and re-freezing, and ice-air-water ratios. Detailed in situ observations and reliable cloud resolving models for the ice phase particles are required in order to develop and validate appropriate and more universal fiozen particle parameterizations for radiative transfer calculations. Meanwhile this work
shows that some early non-spherical models such as the three-dimensional bullet rosette with three intersecting cylinders can produce brightness temperatures comparable to most wideband passive observations. 
